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Abstract 
Nebraskan streams contribute excess nitrogen to the Mississippi/Atchafalaya River 
Basin and Gulf of Mexico, which results in major water-quality impairments. Reduc-
ing the amount of nitrogen (N) exported in these streams requires the use of best 
management practices (BMPs) within the landscape. However, proper BMP utilization 
has rarely been statistically connected to potential controls of N export within water-
sheds, particularly precipitation and soil characteristics. In this study, 19 watershed 
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variables were evaluated in five categories (hydrological, physiographic, point sources, 
land use, and soil properties) to determine the characteristics that influenced variable 
nitrate nitrogen (NO3-N) concentrations in 17 Nebraska watersheds with known high 
NO3-N export rates. Each characteristic was derived from publicly-available datasets 
in an effort to develop a multiregional method. Of the 19 variables evaluated, 10 vari-
ables (developed, cropland, herbaceous, forest, excessively- drained soils, precipita-
tion, base-flow index, slope, organic matter and point sources) were identified to sta-
tistically influence stream NO3-N concentrations. The 17 watersheds were divided into 
five subset groups using principal component analysis. Distributions of the 10 water-
shed variables were then used to determine the most applicable BMPs for NO3-N re-
ductions for each stream subset: excessively drained with high baseflow index (Groups 
1 and 2), dominantly row crop land usage with well-drained soils, higher precipita-
tion, and an increased tendency for surface runoff concerns (Group 3), highly devel-
oped watersheds (Group 4), and single river dominated by wastewater treatment plant 
discharge (Group 5). Based on the most influential variables a variety of BMPs were 
recommended, including N fertilizer application management and accounting for N 
credit from mineralization and NO3-N in irrigation water (Groups 1 and 2), installa-
tion of riparian buffers and wetlands (Group 3), urban BMPs such as bioretention cells 
and permeable pavement (Group 4), and upgrades to the wastewater treatment plant 
(Group 5). This study provides an improved technique for facilitating watershed man-
agement by linking BMPs directly to the characteristics of each watershed to reduce 
current nitrate export. 
Keywords: Nitrate-N, Principle component analysis, Leaching, Surface water  
1. Introduction 
Nitrate nitrogen (NO3-N) pollution from agricultural fertilizers impacts 
drinking water supplies and the quality of lakes and streams (Good 
and Beatty, 2011). NO3-N that is exported downstream contributes to 
major water-quality challenges in estuaries i.e., dead zones (Conley et 
al., 2009; Rabalais et al., 2002). Therefore, it is imperative that we un-
derstand and predict how factors such as land-use, climate, and soil 
properties interact to control the fate of NO3-N. Nebraska ranks 3rd na-
tionally in corn production and 4th nationally in soybean production 
(USDA, 2018). It is also ranked 6th nationally in toxic pollution with 
the highest contamination due to NO3-N (Inglis et al., 2014). A signif-
icant portion of the nitrogen (N) in Nebraska streams is linked to ag-
ricultural activity, predominately cropland (e.g. Zelt and Munn, 2009; 
Alexander et al., 2008; Frenzel et al., 1998). Based on a largescale, spa-
tially-referenced regression model (SPARROW model, Schwarz et al., 
2006), anywhere from 10 to 90% of the total N load from Nebraska 
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streams is delivered to the Mississippi/Atchafalaya River Basin (MARB) 
and ultimately ends up in the Gulf of Mexico (Alexander et al., 2008), 
where excess nutrients have contributed to significant environmen-
tal degradation. 
Several studies have evaluated stream water quality in central Ne-
braska (Connor, 1951; Sniegocki, 1959; Zelt and Jordan, 1993; Scribner 
et al., 1993; Helgesen et al., 1994; Boyd, 1996; Zelt and Munn, 2009), an 
area that includes the Sandhills, the region that overlays the Ogallala 
aquifer, as well as an intensely cultivated agricultural region along the 
Platte River Basin. However, only Olson et al. (1973); Engberg (1983), 
and Heatherly (2014) have broadly summarized the distribution of NO3-
N concentrations in streams across Nebraska with a significant (> 30) 
number of sampling sites, which is critical for assessing the overall con-
tribution of N from Nebraska to the MARB and Gulf of Mexico as well 
as identifying potential best management practices (BMPs) to reduce N 
loading. Further in a case study of nutrients in the Midwest, Davidson 
et al. (2016) demonstrated management of nutrients, water, and energy 
are imperative for improving efficiency of nutrient use for minimizing 
pollution in the Midwest. However, water quality impairments continue 
to persist in midwestern streams and are anticipated to continue climb-
ing in the coming decades unless targeted BMPs for NO3-N removal are 
implemented (Jones et al., 2018). 
Multiple studies have evaluated the relationship between watershed 
characteristics and NO3-N concentrations. Schilling and Libra (2000) and 
Thornton and Dise (1998) both found that agriculture was the dominant 
predictor of surface NO3-N concentrations in Iowa and Lake District, Cu-
bria, UK, respectively. Heatherly (2014) developed a model to predict to-
tal N as a function of row crops for the three ecoregions in Nebraska: IV, 
V and VI. The coefficient of determination (R2) for the three ecoregions 
ranged from 0.13 to 0.60. Zhou et al. (2017) found that agricultural, for-
est and residential areas had the highest variable importance values for 
15 sites in the Danjiangkou Reservoir Area, China. Meynendonckx et al 
(2006) evaluated multiple characteristics in 173 watersheds in the River 
Scheldt Basin, Belgium. They found that soil-drainage variables had the 
strongest influence on nutrient concentrations followed by land use and 
point source loadings. Davies and Neal (2007) found that land-use, base-
flow index and effective rainfall were the variables most linked to NO3-
N concentrations. 
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Local and regional BMPs can be used to help reduce N loading to sen-
sitive water bodies and/or groundwater. In the United States, BMPs are 
typically implemented voluntarily, through a cost-share program (Wort-
mann et al., 2011) or by regulation. Even within the United States, each 
state develops their own guidelines for the implementation of BMPs. For 
example, the forest riparian guidelines vary tremendously for each of the 
49 states as reviewed by Blinn and Kilgore (2001). Over the past two 
decades wetland protection has transitioned from federal to state enti-
ties, where wetland permitting laws and local storm water ordinances 
commonly restrict the destruction of wetlands (BenDor et al., 2008). 
Similarly, wetland restoration and mitigation programs have historically 
been administered by state and local entities, which have resulted in 
varying requirements based on the program (BenDor et al., 2008). Typ-
ical BMPs have included split and/or reduced N fertilizer application 
rates, cover crops, riparian buffers, terraces and treatment wetlands. 
While all BMPs are not equal, the combined effort to utilize a variety 
of BMPs with more credit given to those that have higher potential for 
N removal or mitigation of N losses have the possibility to be an effec-
tive strategy to reducing overall N export to the MARB (Stephenson and 
Shabman, 2017). While a hydrological model such as the Soil and Water 
Assessment Tool (Arnold et al., 1998) can simulate reductions for mul-
tiple BMPs, the time and data requirements to create and simulate the 
scenarios are lengthy. Identifying characteristics in a specific watershed 
that are influencing the elevated NO3-N gives managers the knowledge 
to identify the most effective BMPs for that watershed. Therefore, iden-
tifying key watershed characteristics to better understand NO3-N trans-
port and treatment strategies is crucial for efficient use of resources. For 
example, in regions where base-flow indexes are low (i.e., runoff-dom-
inated systems) and soils are well drained, BMPs such as split and/or 
reduced N fertilizer application, along with N application educational 
programs for businesses and homeowners have been shown to be ef-
fective measures for reducing watershed NO3-N concentrations (Lobry 
de Bruyn et al., 2017; Jeong and Bhattarai, 2018). 
While multiple studies have evaluated the influence of watershed 
characteristics on NO3-N in surface waters (Zhou et al., 2017; Meynen-
donckx et al., 2006), to our knowledge none have used the characteris-
tics to identify potential BMP implementation. Therefore, the objectives 
of this study were to: (1) Determine significant watershed characteristics 
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that influence the NO3-N in 47 watersheds in Nebraska and (2) Use iden-
tified significant watershed characteristics to determine BMPs to reduce 
NO3-N in watersheds with NO3-N exceeding 2.0 mg L−1 based on litera-
ture and field-scale model simulations. 
2. Material and methods 
2.1. Water quality data 
The Nebraska Department of Environmental Quality (NDEQ) continu-
ously sampled 97 sites across Nebraska for NO3-N since 2002 as part 
of their Ambient Stream Monitoring Network (ASMP). The ASMP was 
designed to determine if streams of the 13 major Nebraska water-
sheds were supporting their designated uses. Grab samples were taken 
monthly in the main channel or from areas of highest flow if the main 
channel was inaccessible. NO3-N was analyzed by automated colorim-
etry according to the Environmental Protection Agency (EPA) method 
353.2 (https://www.epa.gov/sites/production/files/2015-08/docu-
ments/method_353-2_1993.pdf ). All samples were analyzed as nitrate 
+ nitrite as N at the Nebraska Department of Health and Human Ser-
vices laboratory in Lincoln, Nebraska. Field and laboratory blanks, field 
duplicate samples, and matrix spikes were analyzed for quality control. 
The detection limits were 0.05–10.0 mg L−1, and dilutions were used to 
measure concentrations >10.0 mg L−1. Samples below the lower detec-
tion limit were treated as 0.025 mg L−1. We used ASMP data from 2002 
to 2014, as newer data were not reviewed for quality control at the time 
of this study. 
2.2. Watershed characteristics 
To better understand drivers that affect the distribution of NO3-N in 
surface waters across Nebraska, 19 variables describing five watershed 
characteristics were analyzed (Table 1). The characteristics were limited 
to data easily accessible to the public to enable the method to be applied 
in other regions (i.e., some potential variables, such as stream water res-
idence time and N uptake lengths were excluded). The characteristics in-
cluded in the model were: land use classifications (5), hydrological (3), 
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soil properties (8), physiographic (2), and point sources. These charac-
teristics were extracted from digital layers, watershed delineations, and 
a 10 m-digital elevation model using the spatial analyst toolbox in Arc-
GIS v10.3.1, and are described below. 
2.2.1. Land use classification 
Land cover for each watershed was calculated from the 2011 National 
Land Cover database for Nebraska, Wyoming, and Colorado and were 
consolidated into six categories (Fig. 1). Over half of the land cover 
(54%) is grassland, with the majority located in the Nebraska Sand-
hills. Approximately 28% of the Sandhills is grazed (~ 530,000 cattle) 
as part of Nebraska’s annual production of beef cattle (Nebraska Beef 
Council, 2019). Cattle in the Sandhills graze year round while cattle in 
Eastern Nebraska typically graze from April to October on pasture, Oc-
tober to December on corn stalks and are confined from January un-
til April. Nebraska grasslands consist of a diverse number of species 
that include warm- and cool-season perennial and annual grasses and 
Table 1 Statistics for the 19 variables for the 47 study sites.
Variable (units)  Mean  Std.Dev.  Min  Max 
Nitrate (mg L−1)  2.4  2.9  0.15  15 
Developed (%)  5.7  14  0  92 
Forest (%)  4.5  11  0.03  55 
Herbaceous (%)  51  33  2.5  98 
Cultivated crops (%)  35  32  0.0  88 
Row crops (%)  33  32  0.0  88 
Base-flow index  56  19  27  84 
Precip. (mm)  608  126  374  246 
Precip. Growing season (mm)  387  74  805  500 
Area (km2)  1,574  1,678  6  7,682
Slope  8.4  3.8  1.6  25
Poorly Drained (%)  7.7  11  0.0  56
Well Drained (%)  63  38  1.6  100
Excessively Drained (%)  27  35  0.0  96
K-factor  0.24  0.14  0.03  0.04
Organic Matter (%)  2.7  2.2  0.68  9.9
Runoff Low (%)  52  25  6.9  96
Runoff Medium (%)  32  19  0.45  66
Runoff High (%)  16  18  0  64
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grass-like plants (Dunn et al., 2016). The second largest land cover is 
cropland (36%), dominated by corn (3.8 million hectare) and soybean 
(2.1 million hectare) production (www.nass.usda.gov). Ferguson (2015) 
reported that the average N fertilizer rate for corn in Nebraska (irrigated 
and rainfed) was 154 kg N ha−1 in 2010. Soybean production, however, 
typically follows corn production of the prior year and does not require 
additional N fertilizer. The primary forms of N fertilizer sold in Nebraska 
in 2012 were urea ammonium nitrate (UAN) solution (~50% of total), 
anhydrous ammonia (NH3) (36% of total), and urea (10% of total) (Fer-
guson, 2015). The potential loss of N fertilizer to surface and ground-
water resources depends on numerous factors, including application 
method and timing; crop type, growth stage, and uptake dynamics; soil 
physical and chemical properties; soil water and temperature dynam-
ics; magnitude and distribution of precipitation; and crop, water, and 
land management practices; among others; as well as their interactions. 
Due to the high N application rates for corn, we hypothesized that water-
sheds with a high percentage of row crops, specifically corn, would also 
have high NO3-N concentrations in adjacent surface waters; therefore, 
the National Agricultural Statistics Service (NASS) data layer was used 
to calculate the percentage of row crop for each watershed. In addition, 
Fig. 1. The 47 sampling sites used in this study and land use across Nebraska.   
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developed (4%) and forest (2%) land classification were also evaluated. 
Common tree species include the American elm, green ash, ponderosa 
pine, oak and walnut (USDA, 2005). The primary commercial species 
is cottonwood, although due to dams and lack of floods, they are being 
replaced by eastern red cedar, mulberry, hackberry, and Russian olive.   
2.2.2. Hydrological characteristics 
2.2.2.1. Precipitation. Annual precipitation across Nebraska varies 
greatly from west to east. While western Nebraska only receives an av-
erage of 330 mm yr−1, southeastern Nebraska yearly rainfall averages up 
to 880 mm yr−1 (Fig. 3). Daily historical precipitation data from 2002 to 
2014 were collected from 177 weather stations located in the states of 
Nebraska, Kansas, Colorado, Wyoming, and South Dakota. The weather 
stations were part of the National Weather Service’s (NWS) Coopera-
tive Observer Program (COOP) and the data was accessed through the 
High Plains Regional Climate Center (HPRCC) archive (www.hprcc.unl.
edu). The stations located outside of Nebraska were selected to minimize 
boundary effects during interpolation (Sharma et al., 2013; Rudnick et 
al., 2015). Daily precipitation was summed into monthly values and in-
terpolated over the watershed boundaries using the geostatistical ana-
lyst toolbox in ArcGIS v10.3.1. Inverse distance weighted (IDW), a simple 
and intuitive deterministic method, was used to interpolate the precip-
itation data. The IDW method was selected based on the findings of Ir-
mak et al. (2010), who concluded that no significant differences existed 
between IDW, ordinary kriging, and splines interpolation techniques in 
predicting the 30 year climate normals. A power value of two and twelve 
stations were used for interpolation. Zonal statistics were calculated in 
ArcGIS to obtain mean monthly precipitation for all watersheds. In our 
analysis both average annual and growing season (April-September) 
precipitation were used as variables. 
2.2.2.2. Base-flow index. The average base-flow index (BFI) for each wa-
tershed was calculated using the 1-km BFI grid for the conterminous 
United States (Wolock, 2003). The BFI is the ratio of base flow to total 
flow on an annual basis (Wolock, 2003). BFI is an indicator of whether 
groundwater discharge is an important component of stream discharge, 
which has been related to stream vulnerability to legacy groundwater 
NO3-N (Tesoriero et al., 2013). 
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2.2.3. Soil properties 
SSURGO data (Soil Survey Staff, 2016) and ArcGIS were used to calculate 
the soil K factor, organic matter content, and drainage and runoff classes 
for each watershed. Mean soil K factor, which is a measure of erodibility 
of soil controlled in part by soil structure, hydraulic conductivity, and 
composition, was calculated for each watershed using SSURGO data ac-
cessed in the Soil Data Viewer in ArcGIS. 
SSURGO reports seven drainage classes and six runoff classes. The 
seven drainage classes were consolidated into three classes: excessively 
drained (excessively and somewhat excessively), well-drained (well-
drained and moderately well-drained), and poorly drained (poorly, 
somewhat poorly and very poorly drained). The runoff classes were also 
consolidated into three classes: low runoff (negligible, very low and low), 
medium runoff (medium), and high runoff (high and very high). 
2.2.4. Point sources 
Discharge and total ammonia (NH4-N) concentrations from all major 
point sources within the studied watersheds were downloaded from 
2002 to 2014 (USEPA, 2016) (Fig. 2). Nitrate concentrations were not 
reported. The US EPA defines major point source discharges as those 
Fig. 2. The delineated watersheds at the 47 sampling sites and mean annual nitrate 
concentration (NO3-N).  
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greater than 0.04 m3 s−1 and serving a population greater than 10,000 
(USEPA, 2016). The discharge was multiplied by the concentration to 
calculate the average daily NH3-N load for each point source. 
2.3. Identification of BMPs for priority watersheds 
To determine the BMPs that will be most effective for different condi-
tions in Nebraska, we followed the following steps: (1) data reduction; 
(2) watershed classification; (3) BMP identification; and (4) NO3-N load 
reduction calculation. We first reduced the number of analyzed streams 
to 47 that all had independent, non-nested watershed boundaries and 
at least 100 samples (Fig. 1). Next, we identified variables among the 47 
streams with the potential to influence stream NO3-N using linear re-
gressions of each of the 19 variables, separately, versus NO3-N. We used 
Minitab 17 statistical software to perform regressions, and NO3-N con-
centrations were log-transformed to approximate normal distributions. 
For classification we performed a principle component analysis (PCA) 
with Minitab. However, for the PCA we included only the 17 streams with 
average NO3-N concentrations>2.0 mg L−1 (Fig. 2). We chose this thresh-
old because Rhoades et al. (2013) determined that odds of developing 
non-Hodgkin lymphoma (NHL) were significantly higher when drink-
ing water NO3-N exceeded 2.0 mg L−1 when atrazine was also present. 
Classes were constructed by grouping streams that were similar in the 
PCA ordination space. 
The final step was to identify BMPs for each of the identified groups 
based on the watershed characteristics. BMP effectiveness was deter-
mined based on previous studies and by estimating load reductions of 
different BMPs using the Texas Best Management Practice Tool (TBET). 
Based on PCA groupings, we estimated load reductions among three dif-
ferent soil types: A (high leaching and low runoff); B (medium leaching 
and medium runoff); and C (low leaching and high runoff). The model 
(White et al., 2012) is a field-scale model with a simple user interface 
that runs the Soil and Water Assessment Tool (SWAT) in the background. 
It has been used to simulate BMPs (Mittelstet et al., 2012) and phos-
phorus loads (Forsberg et al., 2017; Bolster et al., 2017). The simulated 
BMPs included split fertilizer application, conventional to no-till, addi-
tion of wetlands, cover crops, terraces, and riparian buffers. We did not 
simulate N credit from mineralization or NO3-N in irrigation water or 
urban BMPs because of model limitations. 
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The priority watersheds were then ranked based on the average an-
nual NO3-N load. Though several methods have been used to estimate 
loads, we chose to use the average monthly value method. This method 
has been applied in many studies (Schilling et al., 2017; Preston et al., 
1989). The daily discharge was averaged for the month and then multi-
plied by the monthly NO3-N. This daily load was then multiplied by the 
number of days in each month, and monthly loads were summed to ob-
tain annual NO3-N loads. 
3. Results and discussion 
3.1. Nitrate correlation to watershed characteristics 
Mean NO3-N for each of the 47 study sites ranged widely from 0.15 to 15 
mg L−1 with a mean and standard deviation of 2.4 and 2.9 mg L−1, respec-
tively (Table 1). As can be seen in Fig. 2, all of the streams with NO3-N ex-
ceeding 2.0 mg L−1 are in Eastern Nebraska with the exception of French-
man Creek (site 47). Eastern Nebraska is predominantly cropland and 
receives more precipitation, whereas much of land in the region near 
Frenchman Creek has irrigated cropland due to decreased precipitation. 
We found that 12 of the 19 tested watershed characteristics were sig-
nificantly correlated with stream NO3-N (Table 2). Table 2 shows a cor-
relation matrix for the 19 variables and NO3-N as well as notes the vari-
ables that are significantly correlated with a p-value less than 0.05. The 
variables with the highest positive Pearson’s R were percent cultivated 
crops (R=0.64) and precipitation during the growing season (R=0.59). 
The variables with the largest negative correlation were herbaceous (R 
= –0.59) and percent slope (−0.40). Of the 12 variables, three of the vari-
ables were strongly correlated with other variables and not included 
in the PCA. These included annual precipitation and precipitation dur-
ing the growing season, cultivated and row crops, and well-drained and 
excessively drained soils. Of these three groups, the variable with the 
highest Pearson R were selected. Though percent developed was not a 
significant predictor, it was included in the PCA since it was an impor-
tant variable in Antelope Creek (92% developed) and Papillion Creek 
(45% developed) watersheds. It was not a significant NO3-N predictor 
likely due to the small number of highly-developed watersheds in the 
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Table 2  Correlation matrix for the 19 variables and nitrate (NO3-N). Values are the Pear-
son’s R. An asterisk (*) represents the characteristics that are significantly correlated with 
a p-value less than 0.05.
Variable                        Developed       Forest      Herbaceous    Cultivated        Row           Base-flow 
                                                                                                      Crops           Crops         Index
NO3-N  0.18 −0.29* −0.59* 0.64* 0.62* −0.49*
Developed  1.0 −0.09 −0.38* −0.01 −0.01 −0.33*
Forest  −0.09 1.0 −0.05 −0.23 −0.21 0.10
Herbaceous −0.38* −0.05 1.0 −0.87* −0.87* 0.79*
Cultivated Crops −0.01 −0.23 −0.87* 1.0 0.99* −0.72*
Row Crop −0.01 −0.21 −0.87* 0.99* 1.0 −0.74*
Base-flow index −0.33* 0.10 0.79* −0.72* −0.74* 1.0
Precip. 0.33* −0.34* −0.74* 0.71* 0.75* −0.76*
Precip. Grow. Seas. 0.33* −0.39* −0.72* 0.71* 0.75* −0.75*
Area −0.17 −0.30 0.23 −0.07 −0.13 0.26
Slope −0.09 0.63* 0.30* −0.46* −0.42* 0.34*
Poorly Drained −0.09 −0.23 0.13 −0.08 −0.08 0.19
Well Drained −0.01 −0.34* −0.60* 0.56* 0.56* −0.69*
Excessively Drained −0.25 −0.28 0.69* −0.55* −0.55* 0.76*
K-factor −0.02 0.38* −0.57* 0.53* 0.52* −0.66*
Organic Matter −0.12 −0.25 0.47* −0.40* −0.37* 0.46*
Runoff Low −0.33* −0.27 0.21 0.01 −0.03 0.27
Runoff Medium −0.04 −0.14 0.00 0.05 0.11 −0.18
Runoff High 0.52* 0.54* −0.31* −0.07 −0.07 −0.20
Point Source −0.01 −0.07 −0.07 0.11 0.11 −0.33*
Variable                           Precip.           Area             Slope             Poorly          Well        Excessively 
                                                                                                     Drained       Drained       Drained*
NO3-N 0.58* −0.10 −0.40* −0.00 0.29* −0.34*
Developed 0.33* −0.17 −0.09 −0.09 −0.01 −0.25
Forest −0.34* −0.30* 0.63* −0.23 −0.34* −0.28
Herbaceous −0.74* 0.23 0.30* 0.13 −0.60* 0.69*
Cultivated Crops 0.71* −0.07 −0.46* −0.08 0.56* −0.55*
Row Crop 0.75* −0.13 −0.42* −0.08 0.56* −0.55*
Base-flow index −0.76* 0.26 0.34* 0.19 −0.69* 0.76*
Precip. 1.0 −0.25 −0.39* 0.15 0.25 −0.39*
Precip. Grow. Seas. 1.0* −0.23 −0.41* 0.15 0.23 −0.36*
Area −0.25 1.0 −0.28 0.01 −0.27 0.33*
Slope −0.39* −0.28 1.0 −0.25 0.06 0.01
Poorly Drained 0.15 0.01 −0.25 1.0 −0.44* 0.18
Well Drained 0.25 −0.27 0.06 −0.44* 1.0 −0.93*
Excessively Drained −0.39* 0.33* 0.01 0.18 −0.93* 1.0
K-factor 0.18 −0.25 0.10 −0.37* 0.97* −0.92*
Organic Matter −0.16 0.30* −0.05 0.31* −0.73* 0.72*
Runoff Low −0.15 0.20 −0.30* 0.39* −0.29 0.28
Runoff Medium 0.23 0.01 0.01 −0.28 −0.01 0.13
Runoff High −0.03 −0.30* 0.42* −0.25 0.42* −0.54*
Point Source 0.09 0.02 −0.28 −0.11 0.22 −0.19
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dataset (< 6% for all but two sites). The final 10 variables included in 
the PCA were percent forest, percent developed, percent herbaceous, 
percent cultivated crops, BFI, precipitation during the growing season, 
percent slope, percent excessively-drained soils, percent organic mat-
ter, and point sources.  
3.2. Principal component analysis 
Of the 47 study sites, 17 had NO3-N exceeding 2.0 mg L−1 (Fig. 3). A PCA 
was conducted for the 17 sites and 10 selected variables. Characteris-
tics for the 17 watersheds can be seen in Table 3. Herbaceous (–0.44) 
and BFI (–0.40) dominated the negative first component while precipita-
tion during the growing season (0.45) and percent organic matter (0.49) 
dominated the positive first component (Fig. 4). Point sources (0.53) 
and percent developed (0.38) had the highest positive eigenvalues for 
the second component while percent row crop (–0.42) and BFI (–0.38) 
had the highest negative values for the second component. We placed 
the 17 watersheds into five groups based on PCA distances (Fig. 4). 
Table 2 (Continued)
Variable                         K-factor            OM*           Runoff         Runoff            Runoff         Point  
                                                                                   Low          Medium            High         Source
NO3-N 0.21 −0.39* 0.18 −0.11 −0.13 0.36*
Developed −0.02 −0.12 −0.33* −0.04 0.52* −0.01
Forest 0.38* −0.25 −0.27 −0.14 0.54* −0.07
Herbaceous −0.57* 0.47* 0.21 0.0 −0.31* −0.07
Cultivated Crops 0.53* −0.40* 0.01 0.05 −0.07 0.11
Row Crop 0.52* −0.37* −0.03 0.11 −0.07 0.11
Base-flow index −0.66* 0.46* 0.27 −0.18 −0.20 −0.33*
Precip. 0.18 −0.16 −0.15 0.23 −0.03 0.09
Precip. Grow. Seas. 0.17 −0.15 −0.13 0.23 −0.07 0.09
Area −0.25 0.30* 0.20 0.01 −0.30* 0.02
Slope 0.10 −0.05 −0.30* 0.01 0.42* −0.28
Poorly Drained −0.37* 0.31* 0.39* −0.28 −0.25 −0.11
Well Drained 0.97* −0.73* −0.29 −0.01 0.42* 0.22
Excessively Drained −0.92* −0.92* 0.28 0.13 −0.54* −0.19
K-factor 1.0 −0.69* −0.28 −0.04 0.44* 0.22
Organic Matter −0.69* 1.0 0.04 0.29* −0.36* −0.13
Runoff Low −0.28 0.04 1.0 −0.71* −0.67* 0.05
Runoff Medium −0.04 0.29* −0.71* 1.0 −0.04 0.06
Runoff High 0.44* −0.36* −0.67* −0.04 1.0 −0.13
Point Source 0.22 −0.13 0.05 0.06 −0.13 1.0
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Fig. 4. The principal component analysis categorized the study sites into five groups 
based on the watershed characteristics.    
Fig. 3. The 17 watersheds with mean nitrate concentrations exceeding 2.0 mg L−1 and 
the mean annual precipitation across Nebraska ranging from less than 400 mm in the 
west to greater than 800 mm in the east (USDA/NRCS, 2010).   
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Group 1 tended to have relatively high amounts of herbaceous grass-
land (39 to 68%) and intermediate percentages of crops (24 to 32%), 
with mostly well-drained soils. The three sites of Group 1 were: 3 (Steel 
Creek), 6 (Louse Creek) and 47 (Frenchman Creek). Steel and Louse 
Creeks are adjacent to each other in northern Nebraska, while French-
man Creek is located in southwest Nebraska. Much of the region sur-
rounding Frenchman Creek is planted in wheat, which requires less N 
fertilizer than corn. On average, the BFI was high in each watershed and 
18% of each watershed was excessively drained and 79% well drained. 
An average of 78% of the land areas in the three watersheds were clas-
sified as having low runoff. This suggests high potential for leaching 
into the groundwater and NO3-N transport from the groundwater to 
the streams. 
Table 3  The watershed characteristics for the 17 watersheds with nitrate (NO3-N) concentrations exceed-
ing 2.0 mg L−1 and their groups as determined by the Principal Component Analysis. BFI=Baseflow Index.
Watershed   Dev.  Forest   Herb.  Cult.   BFI    Precip. Excess.   OM   Point  Slope 
(NO3-N)  (%) (%) (%) Crops   (mm) Drained  (%) Sources  (%) 
    (%)   (%)
Group 1
3 (7.9)  2.6  5.2  64  24  59  401  17  0.68  0  7.6
6 (2.8)  2.4  0.1  68  29  58  396  18  0.76  0  11
47 (3.3)  2.9  0.1  39  57  72  323  20  0.95  0  3.4
Group 2 
8 (12)  4.5  2.0  16  76  63  428  67  1.5  0  4.1
33 (5.1)  4.6  1.8  21  72  60  440  25  3.6  0  6.1
Group 3
2 (4.1)  6.1  6.9  2.5  78  33  484  0.2 2.2  0  7.5
15 (5.5)  4.7  1.3  6.0  86  41  443  0.0  1.9  0  8.8
19 (3.3)  4.4  1.1  14  80  53  436  0.0  1.5  0  9.0
21 (4.0)  4.6  1.6  11  81  41  441  0.2  1.8  0  8.9
23 (2.7)  4.9  0.1  12  80  39  490  1.1  1.6  0  2.4
24 (3.0)  4.7  1.1  5.2  88  34  437  0.0  1.7  1.4  4.5
35 (2.2)  4.5  3.5  15  75  31  446  0.0  2.6  0  5.6
39 (5.4)  5.0  0.7  11  82  48  456  0.9  1.8  2.0  8.7
Group 4
4 (2.0)  92  0.3  5.0  0.6  35  455  0.0  2.2  0  6.2
22 (3.1)  45  1.2  9.7  42  40  500  0.0  1.7  0  11
Group 5
26 (15)  5.2 1.0  53  39  27  394  0.0  1.2  8.8  1.6
Other
10 (5.8)  4.1  1.3  53  40  41  425  4.9  1.4  0  10.2
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Group 2 was comprised of two streams: sites 8 (East Branch Verdigre 
Creek) and 33 (North Fork Elkhorn River), which are adjacent to each 
other in northeast Nebraska. These sites are characterized by high per-
centages of land in row crops (68 and 70% for sites 8 and 33, respec-
tively) and a higher percentage of excessively-drained soils (67 and 25% 
for sites 8 and 33, respectively). The BFI and percent classified as low 
runoff were high for each stream as well, 63 and 95% for site 8 and 60 
and 85% for site 33. Like Group 1, Group 2 streams are also expected to 
receive NO3-N predominantly through leaching. 
Group 3 is the largest group with eight sites: 2 (Weeping Water 
Creek), 15 (Pebble Creek), 19 (Shell Creek), 21 (Maple Creek), 23 (Wa-
hoo Creek), 24 (Lincoln Creek), 35 (Turkey Creek) and 39 (Logan Creek). 
These streams are characterized by high percentages of land in crops (75 
to 88%) and low percentages of excessively-drained soils (0.2 to 1.1%). 
An average of 18% of each watershed was classified as having high run-
off and 42% medium runoff. In conjunction with low to medium BFI val-
ues (33 to 53) and high precipitation amounts (690 to 801 mm), these 
streams are expected to receive NO3-N from both leaching and runoff.   
Group 4 consisted of two urban watersheds. Site 4 was located on An-
telope Creek in Lincoln, NE. The watershed had the highest percent de-
velopment (92%) of all 47 sites. The majority of the watershed (64%) 
was classified as high runoff. Though neither percent development nor 
high runoff were significant NO3-N predictors, this may be due to the 
limited number of sites where a high percentage of the watershed was 
developed as only two exceeded 6%. Site 22, located on Papillion Creek 
near Omaha, NE, had similar characteristics with 45% of the watershed 
developed and 56% of the watershed classified as high runoff. Both An-
telope and Papillion Creeks are expected to receive NO3-N predominantly 
from runoff.
Group 5 consisted only of site 26 on Wood River, a tributary to the 
Platte River. The high NO3-N concentration is attributed to point source 
discharge. Therefore, evaluation to the wastewater treatment plant is the 
hypothesized recommendation to improve NO3−N in Wood River. 
The final watershed was site 10 on Elm Creek. The characteristics of 
site 10 are very similar to Group 3 other than the percent herbaceous 
and cultivated cropland. While the percent cropland for Group 3 wa-
tersheds ranged from 75 to 88, site 10 consisted of only 40% cropland. 
Since the soil characteristics are very similar to Group 3, NO3-N loss is 
also expected to be from both runoff and leaching. 
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3.3. Model simulations 
A hypothetical field was simulated using TBET with the following charac-
teristics typical of Eastern Nebraska: planted in corn, irrigated, slope of 
6.5%, conventional tillage, high precipitation (700 mm yr−1) and a spring 
N fertilizer application rate of 168 kg ha−1. The only characteristic that 
changed in the baseline scenario was the soil type: fine sandy loam, silt 
loam, and silty clay loam. In terms of our stream groupings, fine sandy 
loam approximates the excessively-drained watersheds with low runoff 
of Groups 1 and 2, silt loam represents the soils with well-drained soils 
and medium runoff such as Group 3 and site 10, and the silty clay loam 
represents a watershed with predominantly well-drained and poorly-
drained soils with high runoff such as Group 4 (Table 4). 
Based on these results, the TBET recommended split fertilizer appli-
cation and cover crops (Table 4) to reduce leaching and split fertilizer 
application, drainage into a wetland, and riparian buffers to reduce run-
off loading for Groups 1 and 2. Power and Schepers (1989) concluded 
that applying the correct amount of N fertilizer is the most import fac-
tor in reducing NO3-N leaching. While many agricultural producers ap-
ply N in the fall, Sanchez and Blackmer (1988) found that 49 to 64% of 
the fall-applied N fertilizer was lost from the upper 1.5 m during the first 
year in processes other than plant uptake (Dinnes et al., 2002). Another 
method to reduce NO3-N leaching is to credit N mineralization and NO3-
N from irrigation water. Soil organic matter, crop residue, manure and 
Table 4  The TBET simulation results for three soil types (hydrologic soil groups A, B 
and C) for base line and with multiple BMPs. Baseline was simulated with no BMPs. 
Values reported for each BMP are increases (+) or reductions (-) in nitrate losses.
Management       Fine Sandy Loam (A)          Silt Loam (B)               Silty Clay Loam (C)
 Leached Runoff Leached Runoff Leached Runoff
 kg/ha kg/ha kg/ha kg/ha kg/ha kg/ha
Baseline  40.6  12.8  0.0  14.7  0.0  16.2
No-till  +8.0  −1.0  +2.8  −0.8  +3.1  −0.9
Split fertilizer  −10.2  −5.3  0  −6.1  0  −6.4
Cover crop  −5.6  +2.6  0  +3.5  0  +2.7
Wetland (50%)  0  −2.7  0  −3.4  0  −3.8
Wetland (100%)  +0.1  −5.6  0  −6.8  0  −7.5
Terrace with contour  +8.9  −1.3  +3.0  −1.7  +2.5  −2.0
Riparian Buffer  −0.2  −7.3  0  −8.7  0  −9.3
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previously applied fertilizer can meet much of the crop N requirements 
(Dinnes et al., 2002). Also, the median NO3-N in groundwater wells in 
Nebraska in 2016 was>7.0 mg L−1 (NDEQ, 2017). Accounting for NO3-N 
from the irrigation water into the total nitrogen fertilizer recommenda-
tion may help reduce the potential for leaching as well as reduce fertil-
izer expenses (Nebraska Extension, 2008).  
For the well-drained soils of Group 3 with medium runoff, the sim-
ulation suggested that there was no appreciable loading from leach-
ing, and runoff loads were higher than for Group 1 and 2. The esti-
mated best BMPs from TBET for Group 3 focused on reducing runoff. 
While applying fertilizer at the correct time and in the correct quan-
tities will also be effective for the Group 3 watersheds, cover crops 
actually showed an increase in NO3-N losses; however, the impact of 
cover crops on NO3-N losses is complex. First, the quantity of fertilizer 
applied would change to account for any potential N credits from the 
cover crop, for which the model did not account. Second, studies de-
scribing the impact of cover crops on nitrate losses have shown mixed 
results (Kuo et al., 2001). In a study in Minnesota, the NO3-N losses 
for corn and corn with rye were both 24 kg ha−1 in 1999, 1.20 and 0 kg 
ha−1 in 2000, respectively and 46 kg ha−1 for both in 2001 (Strock et al., 
2004). A recent study conducted in Minnesota in 2016 and 2017 eval-
uated the effectiveness of rye on NO3-N leaching in sandy soils. They 
found that for the continuous corn rotation, the rye had no impact on 
leaching, but for the corn-soybean rotation the NO3-N leaching was re-
duced by 45% (Ricks and Fernandez, 2018). 
Additional BMPs should focus on reducing and treating surface run-
off. While there have been mixed results on the benefits of no-tillage 
versus conventional tillage in the literature (Daryanto et al., 2017), ri-
parian buffers and the addition of wetlands showed large reductions 
in NO3-N losses in our TBET modeling results as well as in our litera-
ture review. Riparian buffers have been shown to significantly reduce 
NO3-N from surface water (Weller et al., 2011). They found that the av-
erage riparian buffers reduced NO3-N from 0.08 to 0.73 mg L−1. Messer 
et al. (2012) found significant reductions in NO3-N in shallow ground-
water from both 60 and 90 m buffer widths. This is relevant in water-
sheds such as those from Group 3 where NO3-N losses occur from both 
leaching and runoff. Hansen et al. (2018) concluded that wetlands can 
provide a much greater reduction in NO3-N and improvement to water 
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quality than what was previously assumed. Wetlands have been found 
to reduce NO3-N from surface water by as much as 99% and load remov-
als rates of<600 mg N m−2 d−1 (Kovacic et al., 2000; Messer et al., 2017). 
Recommended BMPs for both the Antelope and Papillion water-
sheds include an educational program on N fertilizer application rates 
for homeowners and businesses and urban stormwater measures (i.e., 
biorentention cells, permeable pavement, retention ponds). In addition 
to these BMPs, BMPs to reduce and treat runoff from cropland are also 
recommended for the Papillion River watershed since 42% of the wa-
tershed is cultivated cropland and the majority of the watershed was 
classified as high runoff. These include the implementation of both buf-
fer strips and wetlands. 
3.4. Watershed prioritization 
With limited funds available to implement BMPs, the 17 watersheds 
were prioritized based on their average annual NO3-N load (Table 5). 
Of the 17 watersheds, discharge data was not available for Louse, Steele, 
East Branch Verdigre and Weeping Water Creeks. The flow data was 
downloaded from either the U.S. Geological Survey (USGS, 2018) or Ne-
braska Department of Natural Resources (NeDNR, 2018). The average 
annual loads ranged from 0.9 kg ha−1 for Turkey Creek to 7.6 kg ha−1 for 
Logan Creek. These NO3-N loads are much lower than those reported in 
Iowa where all but one of the 23 studied watersheds exceeded 12.6 kg 
ha-1 with a maximum of 22.4 kg ha-1 in the Wapsisninicon River (Jones et 
al., 2018), but similar to a study conducted in Wagon Train watershed in 
Southeast Nebraska (Elrashidi et al., 2005). The NO3-N loss ranged from 
0.09 (grassland) to 2.63 kg ha-1 (cropland). Table 5 summarizes the rec-
ommended BMPs for the ten watersheds with the highest annual NO3-
N losses per hectare. The recommended BMPs for six of the ten water-
sheds are to treat runoff (riparian buffers and wetlands) and develop 
N fertilizer management plans. Due to the excessively-drained soils, the 
focus in the North Fork Elkhorn River should be on N fertilizer manage-
ment and cover crops. Although Wood River had the highest NO3-N, the 
average annual load was minimal due to the low discharge. A wastewa-
ter treatment plant upgrade is recommended. Finally, urban BMPs such 
as bioretention cells and retention ponds are recommended for Ante-
lope and Papillion Creeks.   
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Though BMPs can be recommended, their actual implementation is 
dependent on a multitude of variables, including willingness of land-
owner, available cost-share programs, economic cost, loss of agricultural 
production and state regulations. If an agricultural producer, for exam-
ple, adds a 20 m buffer along the stream, cropland will be removed from 
production and therefore have a negative economic affect. It is challeng-
ing to compare expected load reductions and implementation/main-
tenance costs between sites. For example, the cost to convert 50 ha of 
cropland to wetland will vary significantly between sites. Future work 
should integrate sociological and economic analysis with hydrological 
and physiographic analysis of BMP implementation. 
4. Conclusions 
In this study we present the best BMPs and identify priority watersheds 
for reducing the amounts of nitrate (NO3-N) exported from Nebraska via 
streams. The effectiveness of BMPs was estimated through literature and 
simulation with the drainage characteristics of the soil being a primary 
determinant for BMP choice. The importance of soil drainage manifested 
in how the soil determined the NO3-N flowpath. Excessively-drained wa-
tersheds were shown to transport the majority of applied NO3-N through 
groundwater leaching. Watersheds with well and poorly-drained soils 
transported most of the applied NO3-N through runoff. The best BMPs 
Table 5 The ten watersheds with the highest average annual nitrate (NO3-N) loads per ha 
and the recommend BMPs.
Watershed  Average Nitrate  Recommended BMPs 
  Load (kg ha−1)
Logan Creek  7.6  Fertilizer management, wetlands, riparian buffer
Pebble Creek  6.7  Fertilizer management, wetlands, riparian buffer
Elm Creek  6.4  Fertilizer management, wetlands, riparian buffer
Papillion Creek  5.1  Bioretention cells, retention pond, other urban BMPs
Maple Creek  3.5  Fertilizer management, wetlands, riparian buffer
North Fork Elkhorn  3.4  Fertilizer management and cover crops
Wahoo Creek  2.8  Fertilizer management, wetlands, riparian buffer
Shell Creek  2.5  Fertilizer management, wetlands, riparian buffer
Wood River  1.8  Wastewater treatment plant upgrade
Antelope Creek  1.7  Bioretention cells, retention pond, other urban BMPs
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for each stream, therefore, are those that reduce loading from leaching 
or runoff as determined by soil types. The best BMPs for reducing NO3-
N leaching were split fertilizer application and cover crops, whereas 
the best BMPs for reducing runoff loads were split fertilizer applica-
tion, riparian buffers, and the implementation of wetlands to filter run-
off. Findings from this study provide a novel example of how to prelim-
inarily select the most impactful BMP based on NO3-N watershed load 
and characteristics utilizing watershed modeling. Since this study uti-
lized data that is easily accessible, this methodology can be replicated 
in watersheds outside of our study area.  
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